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Abstract

Control of a vedundant manipulaior bascd on an impcdance control framework with multiple simul-
tancous conlrol sources is deseribed. Fach control source provides a diffcrent bchavior type. An ap-
plication is decomposcd inle multiple simullancous bchaviors whose rvesultant behavior will provide 1he
motion neeessary to crecule the 1ask, The simullancous control inputs arc merged using tupcdance
control to compute a vesultant command o the wmanipulator. The 1ask space of cach behavior can have
the dimensionality of the micchanism being contrvolled, Control of @ seven degree of freedom manipulator
is described hove with an available 1ask space for cach behavior of dimensionalily seven.

1. Introduction

I'his paper describes a mcthod for control of kinematically redundant manipul ators for teleroboties
applications. This is one of the prototype technologies being developed in the JPL Supervisory Teler-
obotics (STELER) Laborat ory for local /remote tele robotic operations. ‘Telerobotics must provide reli-
able operations in par Gally structured and unstr ucture d environinents as well as provide a wide range
of capabilitics with nodest computing power, Supervisory ‘l'elerobotic systemns have a wide vaviety of
apphications including mamtenance, inspection, experiment tending, and servicing. To achieve these
goals the technologies of dextrous manipulation using kinematically redundant arns, active comphant
cont rol, and multi-gsensor shared cont rol hiave beenr brought toget her in a unified control framework.
This single cont rol st ructure will enable suceessful completion of tasks while het ng able to respon d to
unplannedscenarios, Hst11CINCd - CJa2ile)]itiCills and anomalies.

A Jarge number of motion sources may be necessary ina robot control system which is expected to
perfor m a wide variely of tasks. For examnple, a traject ory generator may he needed to provide position
setpoints, foree sensor inputs may be necessary for contact appli cations, hand controller inputs inay be
nccded for operator control, gripper tnotion for grasps, and visu al feedba ck for antomatic alignment.,
Many t asks require a siimult all(Coils combination of motion sources. A compliant grasp « ask requires
simult ancous force control and gripper control. A shared control polishing task could use hand cont roller
iputs to specifymotion tangential 1( 1 a sirriice while force control controls the force of contact with the
surface and the manipulator re confignres itself inveal inie 1( 1 st ay awav from o imits, singulz wities

and collisions.




The necessary nummber ot degrees of freedom (DOYs) of the mechanisn can also vary depending 011
thetask, A four DOV scara manipulator is suflicient for many pick and place operations. A six DOF
manipulator is suflicient for placing objects in an arbitrary orientation. A seven DOF manipulator
provides an ability to continuously cliarige its internal link configuration for a constant tool position
and orientation, and can extend the dextrous workspace. For the seven DO manipulat or, the possible
dimension of the output motion (seven) is greater tha n the dimension of possible motion of the gripper
(six). All of the mechanmsm DOIs should be available for task execution. The control schieme st
therefore allow both a variable numnber of simultancous input sources and a variable dimension task

space,

Previous approaches to redundancy resolution include pseudoinverse and augmented (or composite)
Jacobian ntethods. A wide variety of psendoinverse approaches have utilized projection operators 011
t he nullspace of the end-effector Jacobianto resolve t he redundancy. These nethods cannot in general
guarantee eyclic or conservative motion and more importantly often car ot guarantee direct conitrol of
the entire mechanisin, T'his often results in some unspecified internal motion of the mechanisim. Thiese
methods al so rely heavily onoptimization functions to resolve the redundancy with only local results and
often with objective funetions of questionable utility to the task at hand. Augmented Jacobian net hods
focus on defining kKinem atic functions that provide forward arid differential kinematic relationships to
attempt to fully specify the motion of all degrees of freedom of the mechanisin. These approaches have
bheen fairly successful{l, 2, 3] but still have some difficulties. Often the forward kinematic relationships
are diflicult to compute and may not be defin ed over the entire workspa ce. Additionally the majority
of these functions do ot have closed form Jacobian relationships aud require nummerical techniques for
computation. Man y of the problems with artificial singularities of these new kinermatic functions and
discoutimuitiesmswitching from one functionor subtaskhave y e addressedusing dampedlea stsquares
for position controlled applications [4, 1, 2]). However, damped least squares with joint velocity weighting
introduces ¢ racking error « hroughout the workspace and requires the scelection of weighting mat rices
w hich s often non-intwitive. Many of  hese issues have not been addressed for foree or impedance
control applications.

The apprroach to control of kinemat ically rxdundant manipula tors desceribed hiere uses a fixed task
space paramet erization of the same dimension as the robot. This is desirable from the standpoint. of
directly controlling all dogrees of freedom and elininatimg uncontrolled int ernal motions which can pose
salety, collisiory, and eyclicity problems. Additionally itis desirable to make use of all avail able dogrees
of freedom to complete kinematically challenging tasks in unstructured environments that may not be
part of the planned suite of capabilities.

The task space parameterizat ion does not change over time. Instead au itnpedance model is applied
to the full dimension of the task space and shar ed control techmques are nsed to combine real and
virtual sensory inputs to t he ttupedance wmodel. In this way, degree{s) of freedom non vially referred
to as redundant are unificd with the task space and reference trajectories as well as sensor data cause
motion of the entire mechanism. Additionally since the task space parameterization is fixed, issues of
switching discontinuity do not arise and singular regions associ ated with the task space paramcterization
are fixed. The entire task space of the manipulator can be used to accomplish tasks asmotionis
mappedio ¢ he appropriate degrees of freedom. Thus online nuineri cal techniques are not required to
compute differential (Ja cobian) relationships. W hon operating in these regions potential fields may be
apphed to the impedance model to inhibit movement in the stugular or inercasingly singular divections,
Alternatively, if position based nnpedance control is being used, the dampedleast squares methods
can be used with the tracking error producing velocity weighting only active in the singular regions.
The parameterization of redundancy discussed heve generally have some physical significance, however,




there also exist a wide variety of kinematic arranger nerits that may not have a “natural” redundan cy
paratneter that has physical significance or spans a significant portion of the workspace. In such cases
one can rightly inquire into the motivation behind such a design from a task exccution perspective and
determine the minnmmun set of parameters that will completely describe the task space for the task at

hand.

T'here are di ferent ways to implement a systein to provide mnltiple input sources. One solution is 1o
provide a flexible robot programming enviromment which provides a layered set of subrout ines for rohot
applications progrannning. A custom program could the i be developed to utilize the needed sensors
for a speciflic task. A robotlanguage could also be used to develop a program to wmerge control based
upon multiple sensors. The approach used 10 implement the control architecture of this paper is to
provide a fixed software systamn with data driven execution. ‘The control system provides a large suite of
capabilitics based upon input data, I'his approach is used to satisly requirements for space telerobotics
where the flight component of the telerobotic systemn must be flight qualified. The fixed flight solt ware
cari provide t lic multiple cont rol sources wit It he hehavior of control frow cachy source dependent on
the parameterization data which cari be sent from a distant ground station. The actual task execution

miotion is the resultant behavior of all t he input sources.

This paper describes a control architecture which allows execution of a task to be considered as the
resultant behavior of exec utijon of multiple concurrent behaviors. The diimensioniality of the exceution
space of ea ch behavior and the resultant b *havior can be extended 1o the dimensionality of the con -
t rolled mechanisim, Task deseription consists of decomposing t he desired execution int o the multiple
simultancousbehaviors. Bach behavior generates motion co nuna nds which are merged i a common
motion space to compute a resnltant conmmand to the manipula tor. T'he task space of ecach hehavior
carthave the dimensionality of the mechan ism being controlled. The architecture is applied to control
ol a seven DOV mawipulator. The result s are also applicable to oth er redundant and non -redundant
mani pulators with various numbers of 1)()]Js, Previous work has described techniques for compliant

motion control {5, 6, 7], shared control [A], and redund ancy resolution [9,10, 11].
2. Control architecture for multiple simultancous behaviors

‘I'he control architecture for simultane ous execut ion of multiple control hehaviors is shown in Pigure

The Application Spacc inelndes all potential application tasks which the robot control systein must
be able toaccomplish. These application tasks could be sequenced together {o accom plish a larger task.
Ixecution of a given application task can he decotposed into concurrent Iy execut ing behiaviors. For
example, a door openiug ta sk could ut ilize a t rajectory generator to generate the nominal t rajectory
while force cont r ol adds small pert urbat ions to adjust for errors hetween the planned trajectory and
the physical systein motion. The Command To Behavier Map perforins the mapping hetween the task
and the required concurrent beha viors. This could be done automatically or through interaction with

anoporator.

The Behavior Spacomctudes all of the independent controlb echaviors. Trajectory Tracking is a control
behavior which provides a trajectory generator 1( 1 generale rea It nne t rajectories, The Teleoperation
behavior takes real-thne operator inputs and generates control inputs. Dithier gencrates simall periodic
(lii her controlinputs. Force Tracking provides control of cont act forces hetween t he imanipulator and the
environment. Mani pulaibility computes an optimum a rin config uration and generat es control inputs o

move toward it Simgularity Avoidanice generates controlinputs ta keep the arm away from singularities.
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Joint Limit Avoidance generates control it 1puts to keep the arm away from joint Limits. Obstacle
Avoidance generates con trol inputs to prevent collisions. Proximity generates cont rol inputs to cont rol
proximity to aveal or virtual object. Visual Tracking generates control inputs to provide visual servoing,.
Other behaviors cou ld also be provided.  Each behavior has connma nd parameters that specifly its
operation a nd use of real and virtual sensor data. Virtual sensors are those that derive data, possibly

from real sensors, e.g., a jomtlimitor sing ularity senisor (1(’rives datafrom real joint position sensors,

More complex resultanth ehaviors canbe generated by concurrent execution of individual behaviors,
For exa 1 aipolishing behavior may he composed of teleoperation, force tracking, manipulability,
Joint linit avoidar ice, obstacle avoidan ce, aud singularity avoidan ce b chaviors.  ‘Teleoperat ion could
allow motion inputs by an operator only t angentialto the surface norial. Force t racking could provide
a constant force against the surfa ce. Manipulability could control the arm configuration for optimal
control of fine forces. Joint limit avoidance, obstacle avoidance and singularity avoidance wou ild keep
the artn from collisions and singularities. T'he operator wonld then only have to provide the motion
over t he surface. The antonomous system would provide the rest of the cont rol.

The Motion Space is the connnon control space for all b ehiaviors. Mechanisms with more than six
mechanical DO s have been referred to as kinematically redundant since the classical problem of encl-
eflecior position and oricntation control for a spat ial manipulator can be hanidled by a six DOI robot.
Task requirements o ften dictate a task space of dimension greater thau six. Por so called kinematically
redundimtrobots, a inotion space is (CANCQ t hatspans all of t he mechani cal DOVFs. Themotionspace
of the seven DO manmipulator used hiere includes a six DOV coordinate frame (the MO TION frame),
and an “arm angle” parameter whi ch d escribes the internal configuration Of the arm. 'l he arnn angle,
represented by @b, is defined as the angle hetween the plane passing through the shoulder, ell ow, and
wri stpoin ts and so mere feren ce plan e; we chose the vertical plane b ere,

Fach motion DOY can receive Mputs from multiple helhaviors. Mot jon Space control is done here
using impedance control [5] hut with the exp anded ability to merge multiple contror inputs either as
position inputs or force inputs. In addition, the impedance equation can bhe extended beyond six DOFs
to match the dimension of the motionspa ce. TPhe motion space impedance control equation, as show n
i igure b, s

Moo, - X)) HAB (X, - X)) AN (X - X)) =)0 1 (1)
where M is the inert ta matrix, 13 is the damping matri x, A is the stiffness matrix, X, is the reference
1rajectory, N, is i hecommmnanded position, and )" Iy is the sumof all behavior inputs mapped to forces.
Behaviors can also generate position conmnands to be merged wit Iy the reference frajectory. Equation 1
is inplemented with

J\t;l{] ) l\"-;, 1 4 M- 1, [2: ],vin -3 (4\:, R ‘\'v:.:-{l) A (4\':.‘ ~ ,\‘:H])] (2)
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where nis the current senn ple numbrer and At is the sample tiime hetween samples,

This gives the desired acceleration of the wechan isny in the Motion Space which is tegrat ed to
produce the desired velocity. The motion comm ands are then mapped into the actuator space of the

mechanisi,

The Actuator Spacc is defined as the space of active actuation of the mechanism.  Mechanisms
which he we more than six actuator DO s fallinto two general categories, kinematically redundant and




actuationally redundant. "Pypically, kinematically redundant mechanising have additional hehaviors
assoctated with position and actuationally redundant manipulators have additional behaviors associated
with force [9]. TFor most applications the motion space should completely span the actuator space of
the manipulator to provide the widest array of behaviors for task execution. The mapping is then
one-lo-one and commmon Jacobian transpose and Jacobian inverse techmiques apply. If there are more
DOFs in the actuator space than in the motion space, the mapping is underconstrained and a variety of
techiques can be used including pseudo-inverse or mininmm kinetic energy [9]. Conversely, if there are
fewer DOYs in the actuator space than the motion space, the problemn is overconstrained and damped
least-squares {12, 13] and other techuiques are available, Care must be taken to assure that a one-to-one
mapping between motion space and actuator space does not degenerate at or near a singularity.

Although Jacobian inverse routines could be used, a damped-least squares inverse is used here to
allow further task prioritization and singularity robustness (12, 13,10, 14, 11]. "The motion space velocily
veetor of the manipulator has three translational coordinates, three orientation coordinates and the arm
angle. A composite Jacobian is formed from the individual Jacobians that relate the rate of change of
the joint angles to the rate of change of the motion space paramcters. Here the composite Jacobian,
JCL i given by [11):
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where J* i the angular velocity Jacobian, JU is the lincar velocity Jacobian, and J¥ is e arm angle
Jacobian. J* and JU are veadily available using:
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where v is the velocity reference point, z; is the = axis of joint 4, and ;. is the position vector from
the ith link frame to the velocity reference point r. The arm angle Jacobian is available from [11]:
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where w = P ¢ = = ce- wiwle), Vi ois the vector specifying the reference plane,

hiz (wxV)xw, Eis the elbow linear velocity Jacobian, and W is the wrist lincar velocity Jacobian.
Nofice that most of the required data for J¢ is available as a by product from a forward kinematic
iteration [11).

Wit the motion space command veetor, X, and the motion to actuator space map, J¢ (heneeforth
writter as plain J), the joint servo velocity commands can be computed using damped-least sqnares
with

Oa= [J77 Wy d 4 Wyl bgT oy X, (7)

where Wy s a diagonal task weighting matrix that relates the relative prioritics of the tasks.
is a diagonal velocity weighting matrix which weights the norm of joint velocities. 1t is hiportant
to note that while a non-zero Wi+ matrix will provide robustness to singularitics by liiting excess
Joint veloctties, it will also induce tracking error over the entire workspace. By setting Wy to identity

and Wy Ho zero a standard inverse Jacobian result is provided with the same algorithin. The present




implementat ion ut ilizes joint position servos so the jointvelocity commands are integrated to generate

the joint position connmand s.
3. Individual behaviors

As show nin Pigure | various individual behaviors can ¢ xe cute concurrently. A behavior can generate
i ther position commands, which are merged with the reference position trajectory on the left side o f
Equation ], or force connnands which are mierged with 37 Iy on the right hand side of the equation.

Teleoperation is shown as a position based inputin Figure 1 but is implemented as a force hased
mput, related 10 input velocities, here, The input velocity motion by the operator with a six DO hand
controller is transformedio equivalentvelocit its, X, based upon the sclected teleoperation mode [15).
Thiese velocities are nltiplied by a damping matrix, I3, to compute the equivalent forces with

]”l = ]1" . 4\.’[, (8)

The damping matrix, 73, can be used to seleet operator input divections. ‘I'hie operator inputs arin
angle velocity by pressing a trigger on the hand controller anc 1 changes the sign by pressing a button

an the hand controller.

Forces are often not controlled divecetly with impedance cont rol. Rather, a position setpoint is
specified inside an object and the actual steady state applie d force is a function of both the target
stiffucss and the position error. This approach is available with this implementation, but an alternat ive
approachihasalso beenimplemented. Inthealternative approacl, a referer ice (desired) fo ree is specified
and the dillerence between the reference and actuad forces is used on the right side of Fquation 1 Then
exactloree control is possible by set ting the reference stiffness, K, and the reference traject ory velocity
and ace eleration t o zevo inforee controlled 101 s, Assuming that the environment can be nodeled as

a stiffness with spring constant k,,, . the applied force in a DOF will be
fl‘l < I\'ruv ('TI‘ - -"") ('())

where o is the position at the initial contact point. 1fa, = 2.~ a,, then the impedance equation (with
1o stiffness) for this DOV is
mre -t bae = - ko - Jy (10)

In steady state 1 he desired and act ual applicd forces will he equal for any target inpedance parameters

which provide staibsle contact for the charac teristic equation
ms® A bs o ke 2 0 (11)

wherem is themasstermof M, 1) is the damping termof By and k¢, is the stillness in the force
controlled DOP. Either approach to control of forces is available if the difference hetween the reference
and actnal forces is added to the right hand side of Equation 1 This is shown in Figure 1 with the

di flerence 1Y, - F,

The (rajectory generator b ehavior com putes ¢ hie reference traj ectory aceeleration X, velocity ,\.',,,
and position X, [16]. Theanmangle is also generatedas partof the trajectory. Analternative trajectory
generation scheme has also been implemented. Here \, - \, = () and the reference positionis set
10 bethe desired final position. The stiflness term of the impedance equation then causes the arm (o
move to the destination. A shight drawback with the “spring”™ t rajectory is that t he ot ion accelerates

quickly initially and then approach es the destination slowly.

-1




Jointtravel limiting provides a1y artificial potential field at the end of travel Hinits on cach joint. This
ficld is then mapped (o the motion space to resist operator connands that exceed joint limits. While
the local site path plarimer can predictand avoid joint limits inits connnands, often the operator using
teleoperation cannot. The jointtravel limiting sensor resists thismotion so the operator does notinduce
a Tault condition which would interrupt the current task. Similar to the joint travel limiting behavior is
tlie behavior which Tiits motion in the manmpulator warkspace singular regions. Information in jont
space or motion space about the singular regions is requircd. Somn e singular reg ions are gualitatively
located at joint limits; these are taken care of by the above hehavior. Others arc located at configurations
when theseventh joint frame is within ().2 meters orbeyvond 1,1 et ers of thefirst joint frame [17].
Thus il )°7%]] > 1.1 meters then

A Lo molionrg - )
]smgulamly - . (7 /f) -k singularity *

(”]JartualH - ]]) . ]V)ar:tual (1’2)
or it I"7%]] < 0.2 mcters then

A . . motionrg -
].wngulm-:(y - (7 I,f ) l\singulm'ity
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petientyyis the rigid body transformation

\\‘hvrvI\',,‘,,y“;m.ny]slhvg:nnfmlhosi”g”];.r region avoidan ce,
between the joint 7 frame and the motion space coordinate systeract 2718 the actual current position
of the joint seven frame, and Fy ygutar ity is the singular region avoidance hehavior command i the
motion space. Note that if t he manipulator is notneara singular region there is no commanded motion
from this hehavior,

0111('1 behaviors can also be added eitheras position inputs or force inputs. ‘The trajectory generator,
force cont rol, and teleoperat ion behaviors have beenimplemmented. Others are planned for hmplemen-

{ation.
4. Bounded behavior exccut ion

The control scheme for concurrent he-haviors merging has been developed for space flight applications.
Therefore it has been implemented with a fixed soltwa re syst ennas deseribed below i Seetion 5. An
additional feature which is necessary for execution of tasks in a remote space enviromment is hounded
bohavior cont rol execution [1 8]. Thie mult iple concurrent hbehaviors are merged toget her to generate
the resultant behavior. "This resultant hehavior must then be monitored during execution to make sure
that it stays within specified bounds for safety. Fhielocal site canplan tasks andsimulate the execution
on a local sinmlator, but cannmot be sure of the motion generated by real-time sensor based motion. To
ensure safety the lacal site can specifly and verify safety of tasks which execute within specified hou nds.
These bounds may include the difference hetween the refereuce traject ory and the actual traject ory,
force t hresholds, and proximity thresholds, A s long as the execution progresses within the specified
bounds, it should be safe.

5. Laboratory implementation

The data driven merging of con current behaviors for a redundant manipulat or has been developed
for control” of Space Stationmani pulators. The developmentand inmiplementation has heen done in the
311 Supervisory ‘Teleroboties (STETLER) laboratory. The STELE Rab telerobot 8y stemn is composed
of a local site where task commands are speeified by an operator with a graphical interface [19] and

aremote site where the conunands are ¢ xccuted [20]. The yemote site was developed ¢ e able to




execute multiple concurrent. hehaviors as described by local site connmand parameterization, and has
been imiplemented in Ada (o be consistent. with language constraints for Space Station svstemns. The

systenecurrently uses a seven DOV Roboties Rescarch Corporation K-1207 dextrol manipulator with
asix DOV LORD force-torque sensor at the wrist and a servoed gripper. Antonomons cotnmands are
generated with the local site systen and sent for execation at the remote sjte. For telcoperation and
shared control tasks, the operator uses a six DO hand controller. The system is implemented in a six
CPU 6RO20/GR]8T environment and generates joint position commands cach 20 s whicli are sent to

the manufacturer controller which supplics the joint servo control,
6. Results

A door opening task, as shown in Figure 2, is used to demonstrate the use of different control fnputs
to execute a task. Figures 3 - 8 show experimental results opening the door using shared control,
foree control, and the spring trajectory. In all three cases the motion frame, where (he impedance
equiation is evaluated, was placed such that s X axis was aligned with the hinge axis. The diagonal M
matrix had translational nasses of 10 kg and rotational inertias of 2 kg-m® The diagonal 13 matrix had
translational gains 350 kg/s and rotational gains of 80 kg-m/s. The diagonal K matrix had translational
gains 100 N/m and rotational gains of 10 N/rad.

the impedance equation were specified

v

For shared control door opening, the A and 13 parameters of
and the Nonatrix was set to zero, The reference foree setpoints were all set to zero so that force contro)
would provide compliance to accommodate for inaccuracies in the teleoperated motion of the rohot.
Tool mode teleoperation of the hand controller was used with the mapping set such that a one DOF
L was mapped to a rotation about the MOTION frame X axis. The
diagonal 13, matrix was st (o zero except for the X rotation component so the operator could only

rotation of the hand controller W

specily rotation about {he hinge axis. The results of the door opening task using shared control are

shown in Vigures 3 and 4.

For force control door opening, the M and I3 paramneters of (he impedance equation were specified
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Pigure 5: Force cont rol door opening: solid is door rotat ion about the MOTT ORframeX ax is (hinge
a xis): dashe d is torque about the MO TION frame X axis

and the N matrix was set to zera. The veference force setpoints were all set to zero except for the
torque about the X axis which was set to 18 N-m. "T'his torque setpoint caused the door to open. The
results of the door opening task using force control are shown in Figures H aud 6.

For spring trajectory door opening, the M, B, and K paraineters of the impedance equation were
specified. Phe reference foree setpoints were all set to zerosothat force control wo uld provide compli-
ance. The reference position set point X, was s( *t to the destination position representing a rot ation of
3Hhaonrees, The reference velooity and acecleration were set 1o zero. The results of the door opening
task using the spring traject ory arve shown in Figures 7 and 8. The sensed foree and t orque magnitudes
could probably have been reduced by setting the K omatrix gain s to zero except for about the X axis.
Inaccuracy in € he specified goal position versus the physical position after opening the door couild have

cansed t he sensed forces and torques to increase asthe door opened.
«.Conclusions

A control architecture for dat a driven merging of concurrent control behaviors has b cen developed
and implemented on a redundant mani pulat or. This data driven approach provides a large suite of
availzible control mod es using a large variety of real and virtual sensors within the practical constraint
of asingle validated soinvire sv st e . T'hie architecture provides a flexible remote site conifroller that
is wollsuited for supervisory telerobotics applications. The abstraction b etween task bebaviors and
manipulator specific mappings allows the approac ito be applied to a wide variety of mechanisis with
auscr defined ta sk paramecterization,
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